Abstract {BoMCptet}Lu(CH2Ph)2 (1; BoMCptet = MeC(OxMe2)2C5Me4; OxMe2 = 4,4-dimethyl-2-oxazoline) was prepared in 95% yield from the reaction of BoMCptetH and Lu(CH2Ph)3THF3. Compound1 reacts with 1 or 2 equiv of H2NCH2R (R = C6H5, 1-C10H7) to give the corresponding imido complexes [{BoMCptet}LuNCH2R]2 (R = C6H5 (2a), 1-C10H7 (2b)) or amido complexes {BoMCptet}Lu(NHCH2R)2 (R = C6H5 (3a), 1-C10H7 (3b)). Once isolated, the imido species are insoluble in nonprotic organic solvents. Crystallographic characterization reveals dimeric [{BoMCptet}LuNCH2(1-C10H7)]2 in the solid state. The reaction of 1 and NH3B(C6F5)3 affords crystallographically characterized {BoMCptet}Lu{NHB(C6F5)2}C6F5. This species is proposed to form via a transient lutetium imido, which undergoes C6F5 migration to the lutetium center.
■ INTRODUCTION
The elusive nature of unsaturated lathananoid imido compounds and the chemistry of related, highly reactive, early transition-metal imido compounds provide impetus for developing environments for isolating [Ln] NR moieties and controlling their reactivity. 1 The trends in stability and reactivity of group 4 imido compounds, which may provide guidance for synthesis of [Ln]NR, reveal that monomeric species are more common with smaller titanium centers, whereas multimetallic products are often obtained with larger zirconium analogues.
2 Strategies involving choice of ancillary ligands, appropriate steric demands of the imido substituent, and transient generation of group 4 imido compounds have provided reactivity such as C−H bond activations, 3 imine metathesis, 4 and hydroamination. 3b,5 These tuning effects can give additional stabilization so that the [M]NR moiety may even act as an ancillary ligand in catalytic polymerization reactions. 6 Thus, new ligand systems for larger lanthanide metal centers may stabilize the reactive [Ln]NR group or allow access to new chemical transformations.
Recently, monomeric rare earth imido chemistry has advanced through Lewis base-promoted alkane elimination. This strategy was used elegantly by Chen and co-workers in the preparation of the first terminal scandium imido complex {κ 3 -N,N,N-HC(MeCN D i p p )(MeCNCH 2 CH 2 NMe 2 )}Sc( NDipp)DMAP (Dipp = 2,6-diisopropylphenyl; DMAP = N,Ndimethylaminopyridine). 7 Later, the donor was incorporated into the diketiminate ancillary ligand, 8 which leads to a range of [2 + 2] cycloaddition and proton transfer chemistry. Likewise, the addition of pyridine or DMAP to a scandium anilide− methyl complex generates the transient complexes {PNP}Sc-(NDipp)NC 5 H 5 (PNP = bis(2-diisopropylphosphino-4-tolyl)amide) 9 or {HC(CtBuCNDipp) 2 }Sc(NDipp}DMAP. 10 This strategy provides isolable or reactive imido complexes of scandium, the smallest of the rare earth elements, and it was also recently extended to lutetium in an isolated imido complex supported by the bulky tert-butyl-substituted tris(pyrazolyl)-borate ligand. 11 Instead, the "NR" moieties typically bridge between multiple metal centers in lanthanoid chemistry. For example, the polymetallic benzylimido complexes [(C 5 Me 4 SiMe 3 )Ln(μ 3 -NCH 2 Ph)] 4 (Ln = Lu, Y) form from the reaction of tetranuclear polyhydrido complexes and benzonitrile. 12 In the presence of alkylaluminum compounds, heterobimetallic compounds of the type [Ln]{(μ-R)(μ-NR′)AlR 2 } are obtained. 13 Bridging imido groups are also common in scandium chemistry. For example, insertion of benzonitrile into a Sc−C bond gives the μ 2 -imido complex [{C 5 H 4 (CH 2 ) 2 NMe 2 }Sc{μ 2 -NC(Ph)C 6 H 10 }] 2 , which is proposed to form through a mononuclear scandium imido intermediate. 14 Alternatively, mixed alkyl amido compounds are isolated with a N,N′,Nterpyridyl ligand 15 or mixed pentamethylcyclopentadienide− bipyridine ligands. 16 New ligands for stabilizing or generating reactive rare earth imido compounds might be based on the presence of chelating labile donors constrained to a favorable geometry. Recently, we postulated that the high catalytic activity of a zirconium compound in hydroamination is related to the facile formation and stabilization of a zirconium-imido catalytic intermediate. ). This change between Bo M Cp tet H and 1 suggests that the two bands in the protonated ligand result from symmetric and asymmetric stretching modes, whereas the two bands in the IR spectrum of 1 result from dissociated and coordinated oxazolines. {Bo M Cp tet }Lu(CH 2 Ph) 2 crystallizes with the tetramethylcyclopentadienyl, two benzyl, and one oxazoline donor bonded to lutetium in a three-legged piano-stool geometry (Figure 1 ).
The second oxazoline is dissociated from the lutetium center. The coordinated oxazoline and cyclopentadienyl ligands form a five-membered, unstrained chelate ring (Lu1, N1, C6, C1, C13). The lack of ring strain is apparent in the pentahapto− cyclopentadienyl−lutetium interaction and the Lu1−Cp cnt −C1 angle of 87.1°, which is similar to the analogous acyclic angles of Lu1−Cp cnt −CH 3 (e.g., Lu1−Cp cnt −C15, 87.3°; Lu1−Cp cnt − C17, 93.9°). The Lu1−N1 interatomic distance is 2.350(2) Å, which is longer than the Lu−N distances in the four-coordinate bis(oxazolinato) complex {MeC(Ox ) 2 }Lu{CH(SiMe 3 ) 2 } 2 of 2.259(3) and 2.255(3) Å, as might be expected based on the relative charges on the oxazoline donors in the two compounds. 18 Interestingly, the Lu1−N1 distance is shorter than the distances in the six-coordinate complex [Lu(iPrtrisox)(CH 2 SiMe 2 Ph) 3 ] of 2.504(3), 2.510(3), and 2.522(3) Å. 19 The Lu1−C29 and Lu1−C22 distances of 2.379(3) and 2.367(3) Å, respectively, for the benzyl ligands are the same within 3σ. These distances are shorter than the Lu−C distances of 2.404(7), 2.408(4), and 2.413(5) Å in the Lu(η 1 - CH 2 Ph) 3 THF 3 starting material. 20 The benzyl ligands in 1 are monohapto coordinated, and there is no evidence for π-coordination of the phenyl groups to the Lu center. Thus, the Lu1−C22−C23 and Lu1−C29−C30 angles of 111.4(2)°and 120.6(2)°result in long Lu1−C23 and Lu1−C30 distances of 3.211(3) and 3.383(3) Å from the lutetium to the ipso-carbon of the benzyl ligands. Any closer approach of the C23 carbon to the lutetium center is blocked by the C2 and C4 carbons of the coordinated 4,4-dimethyl-2-oxazoline. after 1 h (eq 2). Two equivalents of toluene are formed in these reactions, as determined by integration of 1 H NMR spectra of micromolar scale reactions. Ligand substitution reactions in which alkyl groups are replaced with amido ligands are wellknown, for example, as a catalyst initiation step in the organorare earth element catalyzed hydroamination of alkenes and alkynes. 21 This reaction, as well as the reaction of alkyls with nonacidic C−H bonds, is proposed to involve four-centered transition states through a proton transfer from the incoming ligand.
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The compounds are assigned as dimers based on the similarity of oxazoline ν CN bands in the solution-phase and solid-state IR spectra and a single-crystal diffraction study of 2b that confirms the dimeric solid-state structure. The lutetium imido compounds 2a and 2b, when generated in situ, are soluble in benzene-d 6 or toluene-d 8 , and these in situ samples were used for solution-phase spectroscopic characterization. The 1 H NMR spectra did not provide direct evidence for a dimeric structure, but the Bo M Cp tet resonances, particularly one set of oxazoline peaks with diastereotopic methyl and methylene signals, followed the pattern established with {Bo M Cp tet }Lu(CH 2 Ph) 2 . Doublets at 5.41 and 4.87 ppm for 2a and at 5.92 and 5.53 ppm for 2b (1 H each) were assigned to methylene moieties of benzylic groups (NCH 2 Aryl). This pattern provides indirect support for a dimeric structure because a monomeric {Bo M Cp tet }LuNCH 2 Aryl, in a threelegged piano-stool geometry with both oxazolines coordinated to the lutetium center, would be expected to contain a mirror plane making the benzylic hydrogen equivalent. Over 12 h, 2a and 2b precipitate out of solution, and isolated 2a does not dissolve even in polar solvents such as methylene chloride or THF while 2b is minimally soluble in THF. While the insolubility of the dimeric precipitated material might suggest that the initially generated and soluble material is monomeric, no spectroscopic changes (other than intensity) were observed in the soluble portion of the samples as precipitation occurs, and the solution-phase and solid-state IR spectra contained similar bands for ν CN (see Table 1 ). Moreover, the lower energy bands of 1618 and 1612 cm −1 for 2a and 2b, respectively, are ca. 20 cm −1 higher energy than the absorption in the dialkyl 1, but similar in frequency to the lutetium bis(amido) complexes 3a and 3b (see below).
The dimeric structures of 2a and 2b are further supported by an X-ray crystallographic diffraction study of the latter compound. The crystal structure of 2b reveals two bridging imido ligands that form Lu−N−Lu interactions (Figure 2 ). The two {Bo M Cp tet }LuNCH 2 C 10 H 7 monomeric units are related by a crystallographic inversion center located at the center of the planar Lu 2 N 2 parallelogram (the compound crystallizes in a trigonal crystal system with Z = 9 in the space group R3̅ ). The N2−N2# and Lu1−Lu1# distances are 2.870 (7) ) THF 2 ] (NIm Dipp = 1,3-bis(2,6-diisopropylphenyl)imidazolin-2-imine). 23 The lutetium and Bo M Cp tet ligand coordination is characterized by one bound and one noncoordinated oxazoline. Although this compound is dimeric, each lutetium center is coordinated in a three-legged piano-stool geometry that is comparable to the structure of 1. The Lu1−N1 interatomic distance of 2.426(4) Å is longer than that in compound 1 (2.350(2) Å). Thus, 2b has both a longer Lu−N distance and higher energy oxazoline ν CN in comparison to 1.
The related bis(amido)lutetium compounds were synthesized for comparison with 2a and 2b. Compound 1 and 2 equiv of benzyl amine or 1-naphthalenemethanamine react in benzene at room temperature to yield {Bo M Cp tet }Lu-(NHCH 2 Ph) 2 (3a) and {Bo M Cp tet }Lu{NHCH 2 (1-C 10 H 7 )} 2 (3b) after 10 min. (eq 3).
A broad resonance at 1.24 ppm for 3a and a triplet at 1.57 ppm for 3b were assigned to the NH in the 1 H NMR spectra in benzene-d 6 . The benzylic CH 2 groups were shifted upfield (3a: 4.08 ppm; 3b: 4.77 ppm), and each appeared as a broad singlet compared to the diastereotopic signals in the imido compounds 2a and 2b. The signal pattern of the Bo M Cp tet in 1 H NMR spectra acquired from 298 to 183 K again suggested equivalent oxazolines. However, based on the two IR stretching frequencies for ν CN (see Table 1 ), we assign the structure of 3a and 3b as three-legged piano-stool compounds with one free oxazoline group and one coordinated oxazoline in solution and the solid state. Thus, the spectroscopic properties and structures of compounds 1, 3a, and 3b are similar; moreover, 3a and 3b are persistent in toluene-d 8 
As expected, the dimeric imido compounds 2a and 2b react with benzylamine and naphthalenemethanamine to form 3a and 3b, respectively (eq 4).
In contrast, the reactions of 2a or 2b with pyridine or DMAP give complicated mixtures. An alternative strategy for stabilizing monomeric imido compounds involves coordination of main group Lewis acids to the nitrogen in 2a and 2b to displace the second lutetium center. However, reactions of 2a or 2b with B(C 6 F 5 ) 3 or BPh 3 did not provide isolable products.
Instead, reactions of 1 and amine−Lewis acid adducts were investigated. Compound 1 reacts with H 3 NB(C 6 F 5 ) 3 in benzene at room temperature over 3 h to give 2 equiv of toluene and a single compound identified as {Bo M Cp tet }Lu-{NHB(C 6 F 5 ) 2 }C 6 F 5 (4; eq 5). signal at −149 ppm was assigned to the oxazoline nitrogen by its correlation to the methyl groups. In addition, only one oxazoline ν CN band at 1644 cm −1 was observed in the IR spectrum, in contrast to the two ν CN signals in 1, 2a−b, and 3a−b.
A single-crystal X-ray diffraction study revealed a four-legged piano-stool compound in which both oxazolines are coordinated to the lutetium center and a C 6 F 5 group has migrated from boron to lutetium (Figure 3) . The nitrogen ligand is best described as an amidoboryl group. This structure is consistent with the 19 F NMR spectrum that suggested inequivalent C 6 F 5 groups, assuming hindered rotation around N−C 6 F 5 , Lu−C 6 F 5 , and both Lu−N and N−B bonds. The complex is C 1 symmetric in the solid state and crystallizes in the chiral space group Pna2 1 as a single enantiomer, but comes from entirely achiral starting materials. Presumably, mixtures of enantiopure crystals are formed; we have not, however, surveyed the samples to separate crystals into enantiopure crystalline material because of the high reactivity of the lutetium compounds toward air and moisture. Moreover, the apparent C s symmetry of the Bo M Cp tet ligand in 4 suggests that the stereogenic lutetium center is racemized in solution.
The single IR band for the ν CN at 1644 cm −1 is consistent with a single strong mode of two coordinated oxazolines absorbing at lower energy than the band of a noncoordinated oxazoline but at higher energy than a single coordinated oxazoline (e.g., in 1; see Table 1 for the comparison). This Xray structure and the single ν CN band, however, are incommensurate with the 1 H NMR pattern of the seemingly C s -symmetric Bo M Cp tet ligand. Likely, the Bo M Cp tet signals are averaged by an oxazoline dissociation−coordination process that is fast on the NMR and even on the IR time scale, while the thermodynamically favored solid-state structure is the fourlegged piano-stool. Alternatively, the exchange may be slow on the IR time scale to give symmetric and asymmetric ν CN , but the intensity of one of the two modes is weak.
In this configuration, the oxazoline containing the N2 atom is pseudo-trans to the NHB(C 6 F 5 ) 2 ligand (N1−Lu1−N2, 153.7(2)°) and the other oxazoline is pseudo-trans to the C 6 F 5 (N3−Lu1−C27, 132.9(2)°). The Lu1−N1 interatomic distance of 2.251(4) Å is longer than the bridging Lu 208(7) Å) . 16a In addition, the Lu−N distances in the AlMe 3 -coordinated Tp tBu,Me Lu{(μ-Me)(μ-NR)AlMe 2 } (R = tBu, 2.081(3) Å, R = Ad, 2.083(2) Å) are significantly shorter than those in 4. 13 The shorter distances in tris(pyrazolyl)borate-supported compounds may be a result of their lower coordination number vs 4, a reduced steric demand of the bridging AlMe 3 moiety in the [Lu] {(μ-Me)(μ-NR)AlMe 2 } structure vs two ligands in the [Lu] {NHB-(C 6 F 5 ) 2 }C 6 F 5 structure, or from an electronic effect.
The amido N1 atom is nearly planar, as expected for a trivalent nitrogen bonded to two elements that can act as π-acceptors, with a Lu1−N1−B1 angle of 141.6(4)°and the sum of the angles around N of 355°. The N1−B1 distance of 1.361(7) Å is shorter than the N−B distances in (Me 2 N) 3 Zr-{NH 2 B(C 6 F 5 ) 3 }(NHMe 2 ) (1.587(5) Å), 24 in the anion of [Na(OEt 2 ) 4 ][H 2 N{B(C 6 F 5 ) 3 } 2 ] (1.628(3), 1.636(3) Å), 25 and in the neutral compounds H 3 NBH 3 (1.58(2) Å) 26 and (NH 2 BH 2 ) 3 (1.576(2) Å). 27 One of the ortho-fluorine of the Lu-bonded C 6 F 5 group is located trans to the C 5 Me 4 group with a long distance (Lu1− F1, 2.820(4) Å) and a nearly linear Cp cnt −Lu1−F1 angle (179.3°). The C 6 F 5 plane (defined by C22, C26, and C27) and the C 5 Me 4 planes (defined by C14, C16, and C18) are nearly orthogonal (87.5°). A Lu1−F1 interaction may contribute to the hindered rotation that makes all fluorine in the Lu−C 6 F 5 inequivalent in the 19 In reactions that appear more closely related to the current transformation, B(C 6 F 5 ) 3 reacts with diketiminate scandium or anilido-iminoyttrium dialkyl compounds to give perfluorophenyl rare earth compounds.
28b,f The Lu1−C27 distance of 2.423(6) Å in 4 is slightly shorter than the Y−C distance of 2.460(3) Å in the anilido-iminoyttrium pentafluorophenyl compound 28b and much shorter than the Sm−C distance of 2.60(1) Å in [Cp* 2 SmC 6 F 5 ] 2 . 28a In the (C 5 t Bu 3 H 2 ) 2 CeC 6 F 5 , yttrium, and Cp*Yb(C 6 F 5 )THF 2 compounds, short contacts to ortho-fluorine are observed (Y−F, 2.786(2) Å; Ce−F, 2.682(2) Å; Yb−F, 3.16(4) Å). Both the ytterbium and the cerium compounds show spectroscopic features consistent with hindered Ln−C 6 F 5 rotation. In the diamagnetic ytterbium LuNHB(C 6 F 5 ) 3 could modify the nature of the N−B interaction. That is, the latter formulation might be argued based on the trivalent boron center in the product 4, where one valence is attributed to the N−B bond. Irrespective of the formulation of a putative intermediate on the pathway to 4, the migration of C 6 F 5 from boron to lutetium indicates that the lutetium center in such a species is a stronger electrophile than boron in the {Bo M Cp tet }LuHNB(C 6 F 5 ) 3 system. Strategies to impede the C 6 F 5 migration could involve decreasing the electrophilicity of the Lu center through a more strongly donating ancillary ligand. Comparison of the dimeric three-legged piano-stool lutetium imido compounds 2a and 2b with monomeric four-legged piano-stool aryl amido 4 suggests that stabilization of a monomeric lutetium imido in a threelegged piano-stool geometry will not be solved simply by controlling the coordination number to impede dimerization. That is, a CpL 2 ligand that binds via pentahapto−cyclopentadienyl−lutetium interaction and a bidentate L 2 −Lu coordination still could dimerize to give two four-legged piano-stool centers bridged by imido groups. Likely, both ancillary ligand and imido substituent are important as in group 4 and scandium imido chemistry.
Inorganic Chemistry
In addition, the observation of similar 1 H NMR spectroscopic features of the Bo M Cp tet ligand in three-legged and fourlegged piano-stool compounds suggests that the ligand's fluxionality involves both associative and dissociative mechanisms. For example, the equivalence of oxazoline groups in chiral 4 is not achieved by dissociation of only one oxazoline because the resulting three-legged piano-stool geometry still is a mixture of diastereomers and should give inequivalent oxazolines and four C 5 Me 4 signals in the 1 H NMR spectrum. Instead, apparent C s symmetry is observed for the Bo M Cp tet ligand in 4, while all the fluorine in three C 6 F 5 groups are persistently inequivalent. The latter observation indicates that fluxionality is not associated with processes of the [Lu] {NHB(C 6 F 5 ) 2 }C 6 F 5 groups, and even rotations that would reduce the five C 6 F 5 resonances to three signals are ruled out. The NHB(C 6 F 5 ) 2 and C 6 F 5 ligands need to exchange sites for epimerization to occur and the oxazolines to become equivalent, and this must occur without exchanging any fluorine. A reasonable pathway, then, for symmetrizing the Bo M Cp tet ligand in 4 involves dissociation of both oxazolines, rotation of the C 5 Me 4 C(Ox Me2 ) 2 , and inversion of the Lu center, followed by recoordination of the oxazolines (Scheme 1). Moreover, the isolation of the fourlegged piano-stool geometry for 4 indicates that configuration is accessible with this new ligand class, and that exchange processes of coordinated and dissociated oxazolines in the three-legged piano-stool compounds 1, 2a−2b, and 3a−3b may also occur through an associative mechanism.
■ EXPERIMENTAL SECTION General Procedures. All reactions were performed under a dry argon atmosphere using standard Schlenk techniques or under a nitrogen atmosphere in a glovebox, unless otherwise indicated. Benzene, toluene, pentane, diethyl ether, and tetrahydrofuran were dried and deoxygenated using an IT PureSolv system. Toluene-d 8 and benzene-d 6 were heated to reflux over Na/K alloy and vacuumtransferred. Lu(CH 2 Ph) 3 THF 3 20 and NH 3 B(C 6 F 5 ) 3 17 were synthesized according to literature procedures. Benzylamine and 1-naphthalenemethanamine were purchased from Sigma-Aldrich and purified by distillation under a dry argon atmosphere prior to use.
1 H, 13 C{ 1 H}, and 11 B NMR spectra were collected on Bruker AVII 700 or 600 spectrometers, a Bruker DRX-400 spectrometer, or a MR-400 spectrometer. 15 73 mmol) was placed in a 100 mL Schlenk flask and dissolved in THF (30 mL). The THF solution was added via cannula to the pentane mixture at −20°C. The solution was warmed to room temperature and was stirred for 8 h. The reaction mixture was then filtered in air, and the solvent was removed under reduced pressure. The crude oily product was purified by silica gel chromatography in ethyl acetate to give the product as a white solid (2.04 g, 5.90 mmol, 68%). The solid was dried by dissolving in benzene and stirring over phosphorus pentoxide for 6 h. [ 
